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Abstract 



We investigate the structure of the nucleon resonance iV*(1440) (Roper) 
Q\ ■ 

, within a coupled-channel meson exchange model for pion-nucleon scattering. 

The coupling to nirN states is realized effectively by the coupling to the crN, 
7rA and pN channels. The interaction within and between these channels 



is derived from an effective Lagrangian based on a chirally symmetric La- 



grangian, which is supplemented by well known terms for the coupling of the 
A isobar, the oj meson and the V, which is the name given here to the strong 
correlation of two pions in the scalar-isoscalar channel. In this model the 
Roper resonance can be described by meson-baryon dynamics alone; no gen- 
uine iV*(1440) (3 quark) resonance is needed in order to fit ttN phase shifts 
and inelasticities. 
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I. INTRODUCTION 



The experimental and theoretical investigation of the baryon spectrum helps to improve 
our knowledge of QCD in the nonperturbative regime - especially of the confining mecha- 
nism, which is most important for binding a system of quarks into a hadron. Experimental 
information about the mass, width and decay of baryon resonances serves as a testing ground 
for several models of the internal structure of the nucleon and its excited states. Most of this 
information is extracted from partial wave analyses of ttN scattering data , sometimes 
in combination with transition amplitudes to inelastic channels such as ttN — > t]N 
or tcN — > tttcN |7],|8|f|. In addition there is information available form photo- and electro- 
production of N* resonances §| or, as recently proposed, from the NN decay channel of the 

j/* Hi- 

The mass spectrum of excited baryon states has been calculated within several quark 
models (QM). The nonrelativistic QM of Isgur and Karl [11]], for example, leads to a good 
qualitative understanding of the negative parity resonances by assuming a structure of three 
constituent quarks that are confined by a harmonic oscillator potential and interact through 
a residual interaction inspired by one gluon exchange. In order to describe the positive 
parity states, however they had to introduce an additional anharmonicity into the confining 
oscillator potential that lowers the mass of the first positive parity resonance (iV*(1440)) 
HI. The relativized QM H gives a good qualitative picture of the baryonic spectrum 



by using an interaction which, in the nonrelativistic limit, can be decomposed into a color 
Coulomb part, a confining interaction, a hyperfine interaction and a spin-orbit interaction 
between quarks. The confinement is provided by a Y-type string interaction between all 
three quarks. One (of several) difficulties with this model is that the low lying positive 
parity resonances are systematically overestimated by at least 100 MeV. A rather different 
interaction mechanism was used by Glozman and Riska |14]]. In their model, two quarks 
interact via pion exchange. This flavor-dependent force is responsible for the low mass of the 
Roper resonance (iV*(1440)). Confinement is achieved by an oscillator potential. Thus the 
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interaction mechanisms of the Glozman/Riska model and the Isgur/Karl/Capstick model 
are quite different and it is not clear whether the mass spectrum should be described by 
either one of these interactions or a mixture of both ]|l5|-|T9f . 

The photo- and electro-excitation of baryon resonances have been studied by several 
groups using several different models. Li and collaborators pO|f2T|] found the Q 2 dependence 



of the iV* — > N'y helicity amplitudes to be very sensitive to the structure of the Roper 
resonance. While the nonrelativistic q 3 model is not able to describe the Q 2 behavior, a 
hybrid q 3 g model is in agreement with the available experimental data. A similar conclu- 
sion was reached by Capstick |[22|| , who found large disagreement in the photo-production 
amplitude of the Roper between a theoretical calculation in a nonrelativistic q 3 model - in- 
cluding relativistic corrections - and the experimental data. However Capstick and Keister 
23fl pointed out that relativistic effects are very important in these amplitudes. They were 



able to describe the helicity amplitudes using a "relativized" q 3 QM. Cardarelli et al. also 
investigated the electro-production of the Roper resonance and concluded that this reso- 
nance can hardly be interpreted as a simple radial excitation of the nucleon [23]|. Recently 



the Tubingen group |25| found large contributions from meson-baryon intermediate states 
in the transition amplitudes iV*(1440) — > N'y. Thus even the study of its electromagnetic 
excitation does not clearly reveal the structure of the Roper resonance. 

The decay widths of baryons have been calculated using several approaches by combining 
a QM with a model for the decay of the three quark system into a meson baryon state, such 



as the Pq model [26,27], or the string breaking mechanism of the flux tube model |28-30 



The iiN decay width of the Roper resonance as calculated by Capstick and Roberts |26[ 



is m 



agreement with the analysis of Cutkosky and Wang [31J but, compared to the partial wave 



analysis of the Karlsruhe H and the VPI |2||| groups, the decay width of the Roper should 
be much smaller. In addition, none of the decay models include any kind of meson-baryon 
final state interaction or coupled-channel effects |2"6fl , although there are indications that 



these could lead to large shifts of the energy levels and mixing effects between states 



A consistent investigation of higher Fock states, such as q 4 q, is missing |H|], although there 



are investigations of q A Q systems, where Q = s |33| or Q = c, b p4]j35[] . 



At this stage a closer look at the different partial wave analyses may help us to understand 
the problem in more detail. In Table | we have listed the mass, width and pole position 
of the Roper resonance as extracted from several partial wave analyses of irN scattering 
data. The first five lines correspond to models that either get the mass, m^, and width, T, 
of the Roper resonance by fitting a Breit-Wigner-like resonance to the nN data or derive 
the position of the resonance pole in the complex energy plane. This pole position can be 
related to the mass and width of the resonance by 

m R = Re(Po\e), T = -2/m(Pole), (1) 

which, in fact, is the origin of the denominator in a Breit-Wigner parameterization of a 
resonance. By comparing the mass and width parameters of the analyses a) - e) to the 
position of the pole as found in a), b), d), and e) one can see large discrepancies. The 
mass, as extracted from the pole, lies typically ~ 100 MeV below ttir. Something similar 
can be seen by comparing the widths: here a ratio — - -p^j— « 5 is found instead of 
the expected value of 2. For an undistorted resonance, such as the iV£> (1520), the mass 
and width from the Breit-Wigner parameterization and the pole position are essentially the 
same within a few MeV ||. This observation shows already that the Roper resonance is 
substantially influenced by strong meson-baryon background interactions and/or effects from 
nearby thresholds. Holder suggested the use of the pole position as source of information on 
the mass and width of a resonance, since the pole has a well-defined meaning in ^-matrix 
theory [|38[| . If we do so, the QMs use the wrong values for the mass and width of the Roper 



resonance. Compared to the pole position values of rriR and Y (calculated using Eq. ([[])), 
the relativized QM |HJ overestimates the mass of the Roper by about 200 MeV and the ttN 
decay width of the Roper resonance is overpredicted too. 

Another remarkable difference between the A^*(1520) and the A^*(1440) is seen in exam- 
ination of the partial wave amplitudes (displayed as phase shift S and inelasticity if) in Fig. 
[l]. The A^*(1520) causes a nice change in the phase shift of the partial wave -D13 up to 180° 



and crosses 90° at ~ 1520 MeV. This is also the position of the maximum in the inelasticity. 
After passing the resonant phase of 90°, the amplitude goes back to being almost elastic. 
The situation is completely different for the iV*(1440). Here the phase shift in the Pu in- 
creases slowly, which corresponds to a very broad resonance, but the inelasticity opens very 
rapidly (almost as fast as in the -D 13 ) and remains inelastic over a very large energy range. 
Furthermore, the suggested resonance position of m# = 1440 MeV does not correspond to 
5 = 90°. The shape of the Pu partial wave amplitude in the region of the Roper resonance 
also looks very different from a typical Breit-Wigner resonance. To summarize, the Roper 
appears not to fit into our picture of Breit-Wigner-like resonances. 

A series of different methods can be found in the literature that try to extract infor- 
mation on the Roper resonance from irN scattering. The ones displayed in Table | can be 
summarized as follows: 

• Analyses a) and b) are combined analyses of all available nN scattering data. Two 
methods are used in order to extract parameters of resonances. First, a coupled- 
channel i^-matrix approach, additionally constrained by fixed t dispersion relations, 
allows a continuation of the partial wave amplitudes into the complex energy plane, 
where the poles of the resonances can be found. Second, fits to single-energy partial 
wave solutions using generalized Breit-Wigner parameterizations are performed, which 
lead to the values of m R and V. 

• Manley and Saleski (c) use a combination of Breit-Wigner resonances and a phe- 
nomenological parameterization of the background, which is unitarized in a .fT-matrix 
approximation. They included experimental data of the reaction ttN — > tttiN into 
their fitting procedure. 

• The group of Cutkosky (d) used a separable coupled-channels resonance model. The 
dressed propagator of the intermediate resonances is a solution of the Dyson equa- 
tion and the vertices are generalized Breit-Wigner vertex functions. Backgrounds are 
parameterized as resonance contributions with a resonance position below threshold. 
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Analysis (e) is an extended version of the model used in (d). Input data are the partial 
wave solutions of the VPI group fj] and the transition cross sections ttN — > wN and 

7lN — > TXTlN . 

In f), g), and h) Hohler and Schulte use the speed plot method for determining reso- 
nance parameters. We describe this method in more detail in Sec. [TV]. The speed plot 
analysis uses other partial wave solutions as input and therefore is not a partial wave 
analysis of 7rN scattering, but an alternative way of extracting resonance parameters. 



Line (i) represents our results, which will be discussed in detail in Sec. [TV 



All of these analyses agree in the need for a pole in the partial wave Pu and all of them 
but our work assume a small background interaction. However the aim of analysis a) - h) 
is not to determine the structure of a resonance. This was pointed out in a recent extension 
of the CMB model by Vrana, Dytman, and Lee 0. Rather, these analyses seek to discover 
whether there is a resonance or not. They do so by providing the poles demanded by data 
as input. The number of poles as well as their parameters are then obtained by means of a 

x 2 fit. 

In addition to these analyses there are many theoretical models for 7rN scattering up to 
the energies of the first N* resonances. They can be divided into two classes: 



Separable potential models such as [40,41]. In these models the potential V of a 
coupled-channel Lippmann-Schwinger equation (LSE) is assumed to be of the sep- 
arable form V(k',k) = f(k')Xf(k), where k (k') is the relative momentum of the 
initial (final) state. The form factor / is parameterized differently for each partial 
wave, and the strength factor A, together with the parameters of the form factor, is 
adjusted to fit data. Since the parameters of the form factors do not have a clear 
physical meaning, the interpretation of these parameters in terms of resonances and 
backgrounds is not possible. Nevertheless, one can still learn about effects of opening 
thresholds of coupled-channels. 
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fT-matrix approximations, such as the models introduced in Refs. P,42[. These use a 



microscopic potential, V, as input to a LSE, which is solved in the i^-matrix approx- 
imation. In general, a LSE (written in a symbolic notation) 

T = V + V T (2) 

can be decomposed into a set of equations 

K = v + v ^w^ ^ 

T = K — mK8{E - H°)T, (4) 



where we have introduced the i^-matrix (|3|,f44] and V denotes the principal value. 
The .fT-matrix approximation now simplifies this set of equations by setting K — V. 
This reduces the integral equation (FJ) to an algebraic equations (|j). The i^-matrix 
approximation does not allow for virtual intermediate states. One consequence of 
this is, that the different channels only contribute above their production threshold. 
Of course this truncates the strength of the virtual states and, consequentially, the 
strength of the multiple scattering contributions. This can also be found in a slightly 
more formal way: The Heitler equation, Eq. (U), introduces the unitary cut to the 
X-matrix so that the T-matrix contains this unitary cut and the poles present in K. 
The rescattering of virtual states is described completely by the i^-matrix Eq. @. 
Since this is a Fredholm type of integral equation, it can be solved by iteration 

V V V 

K = V + V V + V V V+... (5) 

E — H° E — H° E — H° y ' 

This series may be divergent [], which introduces (besides the poles in V) additional 
poles due to rescattering. These poles are not present if the i^-matrix equation is 
approximated by cutting off the series (El) at a finite order. Even if no pole is generated 



x It is when there is a bound state at the energy at which this equation is solved. 
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by the infinite sum, there may still be much strength in higher order iterations, which 
are eliminated in approximating K — V . With this in mind, it is clear, that the 
X-matrix approximations discussed above do not find dynamical poles such as bound 
states. 

It has long been known that the poles of the two-body ^-matrix (as a function of a 
complex energy variable) are not only resonance poles, but can also be bound state poles or 
coupled-channel poles ||45|| . A bound state is generated by a strongly attractive interaction 
between two particles, whereas a coupled-channel pole can be realized by a coupling between 
two reaction channels. Prominent examples of bound states of two hadrons are the /o(980), 
which is found to be a KK molecule in the tttt/KK system |j46|j47H and the A(1405) as KN 
bound state in the ttH/KN system |48,49||. An example of a coupled-channel pole can be 



found in the irrj/KK system, where the ao(980) can be generated by the coupling between 
these two channels jJ7|. It is, however, not always easy to distinguish between these two 



types of poles. 

The situation we have presented so far can be summarized as follows: The QM cal- 
culations do not give us a clear picture of the structure of the Roper resonance, even by 
studying electromagnetic processes or decay widths. Yet we know that in many analyses 
of nN scattering the need of a resonance has been found. The aim of these analyses was 
not to determine the structure of the resonance, but to determine resonance parameters, 
such as masses, widths and branching ratios. The coupled-channel models of itN scattering 
for energies under consideration work in the i^-matrix approximation, in which part of the 
strength due to virtual intermediate states is truncated. Furthermore the imN states in 
these models are not treated consistently; rather, the mass of some effective irnN channel 
is adjusted differently in each partial wave [fH^l , or an unphysical scalar-isovector tttt state is 
used 0. 

A model for ttN partial wave amplitudes as solution of a full LSE up to energies of 1.9 
GeV is missing. Our aim is therefore to construct such a model in order to investigate 



S 



whether or not it is possible to describe the Roper resonance as a dynamically generated 



resonance. We use the model of Ref. |)D| as a starting point. This model is able to describe 
the nN partial waves up to energies of 1.6 GeV by coupling the channels tcN, <jN, it A, and 
f]N and has proven its ability to analyze the structure of a resonance in the partial wave Sn 
and P\\. We have improved this model in several significant ways: 

• We have included the pN reaction channel into the coupled-channel calculation in 
order to complete the effective description of ttttN states. This channel improves the 
description in the partial waves P13 and P31 and leads to large contributions in the 
partial wave Sn in the region of the iV*(1650). 

• In Ref. |Kj t channel 7r exchange diagrams were omitted in order to avoid double 
counting. By dropping these terms also the coupling strength between the ttN and 
the aN channel is weakened. We have included these diagrams (Fig. ^ (j) and |5| 
(a)) explicitly and avoid the double counting problem by modifying the NN — > tttt 
amplitudes (see Sec. [TT] for more details). This results in a large coupling between the 
ttN and aN(pN) channels, which was not present in pOf . 

• The rules of time ordered perturbation theory were applied with care, which leads 



to additional contact interactions (see the appendix for more details). In [51] these 
contact terms are found to be large corrections and we also find strong contributions 
of these additional interactions e.g. in the 7r exchange diagrams. 

In the next section our model is described in greater detail. In Sec. |I ..fj we shall discuss 
the results of this model as compared to the amplitudes of partial wave analyses and some 
transition cross sections. Sec. |IV| will be dedicated to an investigation of the structure of 
the Roper resonance. The last section summarizes our results. 



9 



II. vriV SCATTERING IN A MESON EXCHANGE MODEL 



In the introduction we argued that a detailed investigation of the Roper resonance goes 
along with an understanding of ttN scattering over a rather large energy region - from 
threshold (E = = 1077 MeV) up to energies well above the resonance under investigation 
(e.g., 1.9 GeV). Furthermore we have to use a realistic interaction between the meson and 
the baryon. Such an interaction is provided by the meson exchange model, which has 
successfully been used in many different reactions such as the iViV interaction the 



elastic ttN interaction, the KN interaction the KN interaction and the 

ittt interaction [47], to name just a few. Before we go into the details of the interaction, we 



wish to specify the reaction channels we will need in our description. 

From Fig. [I] it is clear that the irN interaction above energies of 1.3 GeV is very inelastic. 
The decay modes of the nucleon resonances in the energy range under consideration show 
that the dominant decay (besides irN and 7]N for the iV*(1535)) is the itkN channel @. 
Since a three-body calculation is much too complicated for realistic potentials, we must 
reduce the -kttN channel into effective two-body channels. In doing this we are guided 
by studying strong interactions between two-body clusters of the three-body ttttN state. 
The dominant clusters are the A in the ttN interaction, the p in the vector isovector im 
interaction and the strong correlation in the scalar-isoscalar 7T7T interaction, which we call a. 
Therefore - besides the ttN and r]N channels, which are needed for a complete description 
of the -/V*(1535)(Sii) - our model includes the reaction channels ttA, aN and pN. 



We have then to solve the coupled-channel scattering equation |49 



Tftvik' , A3, A 4 ; k, Ai, A 2 ) — V^ v (k', A3, A 4 ; k, Ai, A 2 ) + 

EE / d 3 qV^(k', A 3 , A 4 ; q, A' 1; A' 2 ) — 1 T^(q, X[, A 2 ; k, A 1; A 2 ), (6) 



7 x[,x' 2 



where Aj, Aj +2 , A^, (i = 1,2) are the helicities of the baryon and meson in the initial, final and 
intermediate state, I is the total isospin of the two body system and /1, z/, 7 are indices that 



label different reaction channels. W 1 (q) = J q 2 + M 7 + yq 2 + rn~ t where m 7 (M 7 ) is the mass 
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of the meson (baryon) in the channel 7, respectively. We work in the center-of-momentum 
(cm) frame and k(k') are the momenta of the initial (final) baryon, respectively. 

The pseudopotential V (i.e., the interaction between baryon and meson) that is iterated 
in Eq. (^j) can be constructed from an effective Lagrangian. Our interaction Lagrangian 
(see Table |TJ) is based on that of Wess and Zumino pD| , which we have supplemented with 



additional terms for including the A isobar, the u, rj, ao, fo meson and the a. We also 
have included terms that characterize the coupling of the resonances iV*(1535), iV*(i520) 
and iV*(i650) to various reaction channels. The full interaction is built up by the diagrams 
shown in Figs. 0-0, where we also introduce our notation. Expressions for the matrix 
elements (k'X 3 X 4 \V IJ \kX l X 2 ) can be found in the Appendix. 

In our approach the correlated tttt exchange replaces the exchange of fixed-mass p and 
a mesons. The construction of these potentials is explained in detail in Ref. ||6l|| . However 
double counting will arise when correlated tttt exchange and the tt exchange diagrams in the 



ttN — > cr(p)N transition potential are taken into account ||50|| . For this reason Schiitz et al. 
pt| left out the tt exchange contributions. But these diagrams are important contributions 
to the ttN — > cr(p)N potential and therefore have to be included in our model. We avoid the 
double counting, which arises by iterating the tt exchange diagrams (see Fig. 0) by modifying 
the NN — > tttt amplitudes. Since we have a microscopical model for the NN — > tttt T-matrix 
|62|1 , we are able to subtract the box diagram displayed in Fig. c) from these amplitudes. 
When using the subtracted amplitudes T corr , double counting is avoided. The subtraction 
of the box diagram hardly influences the p partial waves in the NN — > tttt amplitudes, 
whereas it reduces the a channel by ~ 20 %. By solving the double counting problem in 
this way we can keep the important tt exchange diagrams in the ttN — > u{p)N transition 
amplitudes. 



After a standard partial wave decomposition p^| , the scattering equation (0) can be 
reduced to a one-dimensional integral equation that can be solved by standard methods 
p^-|55|. A unitary transformation relates the helicity states we have used in Eq. (Q) to the 
so called JLS states [^3,^] . In the JLS basis the T-matrix is directly related to the partial 
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wave amplitudes |)9 



T ULSL>S* = _ n ^ T U LS L>S> (7) 



where the densities p 7 are given by p 7 = ^ E 1 {q2 n )ui 1 {q] rn ) , with E^(k) = Jk 2 + M 2 , 



u, 7 = ^k 2 + m 2 and q2 n = ^[E 2 - (M 7 + m 7 ) 2 ][£ 2 - (M 7 - m 7 ) 2 ]/2£. Here JLS are the 
usual total angular momentum, orbital angular momentum and total spin quantum numbers 
and the prime denotes final state quantities. For the partial wave amplitudes in which we 
are mostly interested in this work, namely the irN amplitudes, the total spin S and orbital 
angular momentum L are conserved (Lf = L, and S' — S — 1/2 for \i — v — ttN) in Eq. 
(0). The phase shift and inelasticity are then calculated from the partial wave amplitude in 
the standard way fl69f . 

Mesons and baryons are not point-like particles, but have a finite size. Therefore the 
interaction vertices mmm and mBB (m=meson, £?=Baryon) also have a finite sizes which, 
in our model, are parameterized by the following form factors, in which q is the three 
momentum transfer carried by the exchanged particle: 



For meson and baryon exchange 



We use monopole form factors (n = 1) except for the A exchange, for which the 
convergence of the integral in Eq. (||) requires a dipole form factor (n = 2). 

For the nucleon exchange at the nNN vertex 

F(a) = A 2 ~m 2 N 

W A2-(( m 2 N - m l)/m N )2 + q2- 1 ] 

This choice ensures that the nucleon pole and nucleon exchange contribution cancel 
each other at the Cheng-Dashen point, which is needed for a calculation of the E term 
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For N, N* and A Pole diagrams 

A4 + (£ 7 (g)+^ 7 (g))4- 



j . A 4 + m% 



The correlated irn exchange is supplemented by the form factor 



which appears inside the t' integration [68 



• For the contact interaction in the Wess-Zumino Lagrangian |60 

All of our effective nnN states (i.e., it A, aN and pN) are composed of a stable and an 
unstable particle. In order to include effects of the width of these unstable intermediate 
states we have modified the two-body propagator, which will be motivated in the following. 
Since in the Schrodinger equation, 

H\V) = E\V), (13) 

the Hamilton operator acts on Hilbert states describing a particle R as well as two particles 
12 into which R — > 12 can decay, we introduce Feshbach projectors 

P=\R)(R\, Q = |12)(12|, with P + Q = l, P 2 = P, Q 2 = Q (14) 



in order to split these two spaces |70|J7I| . By applying these operators to the Eigenvalue 
equation (|T3"|), one can derive an equation for the particles in P space 

l E - H PP - H P Q 1 H QP ) |* p ) = 0, (15) 

where \^p) = P\^) and Hxy = XHY . By introducing the self-energy 

E = Hpq 1 H QP (16) 
- Hqq 
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equation (|T5|) can be rewritten as 

(E-H°-E)\V P ) = (17) 

The self-energy term takes the decay of the unstable particle into account. As such it 
introduces an energy- dependent width and a mass shift. Our two-particle intermediate 
state propagator for it A, aN and pN must therefore be replaced by 

1 1 



E-W 7 {q) E-W 7 (q)-^(E sub )' 



(18) 



where 



E sub = E — u w (q) - (V(Ma) 2 + Q 2 - M° A ) for the A, 



E sub = E — E N (q) - (J(m° r ) 2 + p 2 - m r °) for r = p,a (19) 



is the energy of the decaying cluster at rest [p0|1 . After constructing models for the self- 
energies E, the bare masses M£ and m° (as free parameters within these models) are 
determined by fitting the models to experimental data. For simplicity we use separable 
interactions for calculating the self-energy. For the A and the a this has already been done 
in Ref. | 5U|| , from which we take the self-energies E 7 (7 = A, a). For the p we use the vertex 



function 

with the parameters 



g -£^ = 2.9, A p = 1.8GeV, m° = 911MeV. (21) 

47T ' 



With this vertex function the self-energy E p can be calculated in the same way as outlined 
for the a in Ref. |50] (see also Eq. ( PD| ) below). Fig. |^ shows our separable interaction for 
the p decay compared with tttt scattering data. 

This completes our model. The ttN partial wave amplitudes are calculated by solving 
the LSE (||) with the propagator (|IBD for unstable intermediate states. The pseudopotential 
V is derived from the Lagrangian of Table [TI[ Its parameters are the coupling constants and 
cutoffs for each vertex that we have listed in Table |TJ. 
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III. DESCRIPTION OF vriV DATA 



Having described our model, we turn now to comparing its results to the experimental 
data. In fitting the partial wave amplitudes for J < ~ we have varied only the boldface 
printed values in Table [TTT| . Most of the coupling constants have been taken from other 
sources. The coupling constants of the pole diagrams are constrained by values determined 
from their decay widths, for which we take the estimates of Ref 0. The free values are 
then strongly constrained by the data - especially for the nonresonant t and u channel 
contributions, which act simultaneously in many partial waves. For completeness, Table [TV] 
contains the masses of the particles used in this model. Our description of the partial waves 
with I = | is shown in Fig. || the partial wave amplitudes for I = \ are shown in Fig. [| 

In order to constrain the parameters of the ttN — > pN transition potential, we have 



also considered the nN — » pN transition cross section (Fig. [10]). These data severely 
constrain the ir exchange (Fig. |5] a), which dominates this cross section and produces a 
large background to the resonant part in the -D13. Without constraining the ir exchange 
contribution, a dynamical pole can be generated in the D13. This result was also obtained 
by Aaron et al. |83|j8^] . With this dynamical pole our model overestimates the ttN — > pN 
cross section by almost an order of magnitude, and a good description of other ttN partial 
waves is not possible. This demonstrates that only a combined analysis of many partial 
waves and cross sections can give reliable information about resonances. The details of this 



calculation will be presented elsewhere [p5 



Our model is able to describe irN data very well up to energies of about 1.9 GeV. Only 
in the partial wave 5*31 does our model deviate from the data, and that is because we have 
not yet included the resonance A(1620). Our model does not give significant contributions 
to the inelasticity in this partial wave. The description of the Sn needs the coupling to the 
7]N channels via the iV*(1535) resonance and nonresonant ao(980) exchange |j50l , f42|| . The 
resonance iV*(1650) is taken into account in addition and leads to the rapid variation of 
the partial wave amplitude around 1.65 GeV. The inclusion of the pN channel improves the 
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description of the partial waves P13 and P31 as compared to the model used in Ref. |p0| . 
which results in a perfect description of the P31, whereas in the P13 a large background to 
the resonance iV*(1720) is produced. These results will be discussed in more detail elsewhere 



85] 



The model is then a good starting point for an investigation of the Roper resonance. 

IV. THE STRUCTURE OF THE ROPER RESONANCE 

Let us begin this section with a description of our procedure for investigating the struc- 
ture of a resonance. We start by using nonresonant interactions only; i.e., we do not include 
a pole diagram into our interaction. If we are able to fit data in all partial waves without 
pole diagram, the resonance under consideration does not have a three-valence-quark struc- 
ture. Rather, it is created dynamically by the nonresonant meson-baryon interaction. If 
we need to include a pole diagram, we conclude that the resonance is dominated by quark 
gluon dynamics, which are not included in our model. 

As can be seen in Figs. [I] and || our model results in a very good description of the 
Pn, without including a Roper pole diagram. The rise of the phase shift and the opening of 



the inelasticity is generated by the coupling to the inelastic channels. In Fig. [11] we show 
how the different reaction channels contribute to the Pn. The potential of the elastic model 
(i.e., where irN is the only reaction channel) is attractive due to the p exchange, and leads 
to a rising phase shift without generating a resonant behavior. Including the 7rA channel 
hardly improves the situation for the phase shift but leads to some inelasticity, which starts 
at about 1.4 GeV. As soon as we couple to the aN channel, a resonant shape of the phase 
shift is generated. The inelasticity opens at 1.3 GeV and reproduces the rapid rise of the 
experimental data. Since the reaction channels pN and 7]N scarcely contribute to the Pn, 
decoupling the 7rA channel from the full model leaves us basically with a 7rN/aN model, 
which does not differ much from the full result. Only at higher energies does the 7rA channel 
contribute to the inelasticity. 
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As we have not included a Roper pole diagram into our model, we cannot determine 



any Breit-Wigner parameters from the parameters in our model. Hohler and Schulte [p6 
however, were able to determine resonance parameters from several partial wave solutions 
by calculating the speed, which is defined by 

dT IJLS 



Sp 1JLb (E) 



dE 



(22) 



and gives some information about the time delay in the reaction ||86| , |87| . A resonance causes 
a large time delay and will, therefore, form a peak in a diagram in which the speed is plotted 
against the energy E (the so-called speed plot). The height and width of this peak can be 
related to the mass, width and residue of the resonance |36| . 



The speed plot calculated with our model is displayed in Fig. 12. It agrees very well 



with the speed plot from the partial wave solutions KA84 |39Jj] and SM90 [37]. From the 



height and width we determine the following resonance parameters (see also Table | h): 

m R = 1371 MeV, (23) 
T = 167 MeV, (24) 
r = 41 MeV. (25) 



The phase of the residue is lost in taking the absolute value in Eq. (|22j) and cannot be 
determined without making further assumptions. In Table | our result (i) is compared to 
the parameters from the speed plot analyses of Hohler and Schulte (f - h). The agreement 
in mass is very good. Besides the width and residue of the VPI speed plot analysis f), our 
values agree with the other speed plot analyses. The agreement with the pole position of 
the two resent VPI solutions 0,0] is also very good. 

By switching off several contributions in the potential, we have found the 7r exchange 
in the transition ttN — > aN (Fig. ^ j) to be very important for the energy dependence of 
the P\\ phase shift. This is demonstrated in Fig. [13], where we show the model without 
7r exchange in comparison to the full solution. This contribution is responsible for a large 
amount of attraction, especially at higher energies. In contrast, the inelasticity stays large 
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at higher energies even without tt exchange, but reaches its maximum at 1.6 GeV (the 
maximum of the full model is located at 1.45 GeV). In an earlier version of this model fSTlfl 
this contribution was missing. The attraction that is needed for a good description of the 
Pn was generated by a strong coupling to the aN channel via the nucleon exchange and 
a stronger coupling to the ttA reaction channel. However the energy dependence of the 
7i A channel leads to a maximum in the Pn phase shift near 1.6 GeV and the phase shift 



decreases again at higher energies. Therefore the model [|50| was restricted to energies below 
1.6 GeV. 

So far we have demonstrated that our model generates a dynamical pole in the Pn, which 
is associated with the Roper resonance. The phase shift and inelasticity can be described as 
well as in other models that include a bare resonance explicitly, and the resonance parameters 
from a speed plot analysis are in good agreement with the speed plot analyses of other 
partial wave solutions. We also found, that the aN and the ttA channel are important in 
the Pn. In order to investigate the role of these channels in more detail, we construct a 
simplified model that contains the basic features of the full model used so far. We restrict 
the simplified version to the reaction channels ttN, aN and ttA. A major simplification is 
achieved by replacing the microscopic potential V^,(/c, /c') by a separable potential of the 
form 2 

V^(k,k') = f,(k)-^-^f u (k'), (26) 
hi — m 

where m° is a free parameter which (if positive) allows for a pole in the energy dependence 
. The vertex functions f^{k) are given by 

f N „ = lil^k i ! + ) AWW, (27) 

V 8 tt m w \ E N (k)+m N J 

f Na = ^N aN (k), (28) 

37T 



2 Although the microscopic character of the interaction is lost, we can still draw conclusions con- 
cerning the role of different reaction channels. 
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V67T m A 



where N 7 (k) = J ^(k^^k) • The cou pli n g constants fN-niQNcji an d /att ar e also free param- 
eters in the fit to the Pu partial wave amplitude. All vertex functions are supplemented by 
a common form factor of the type (|10D with a cutoff A = 2.0 GeV. The ttN T-matrix can 



be calculated in the following way |90 
First we calculate the self-energy 



where the modified propagator (|T8| ) is used for the ttA and aN channel. With this self- 
energy, the irN T-matrix can be calculated: 

We have fitted the Pu phase shift and inelasticity with the three different sets of parameters 
shown in Table 0. Set I only couples the reaction channels irN and aN whereas set II and 
III only couple irN and 7rA. The results for the different parameter sets are shown in Fig. 
|14| . The TtN/aN model describes the Pu almost as well as the full model. In particular, the 
inelasticity opens at the right energy and the model results in a continuous rise of the phase 
shift. In contrast, the ttN/ttA model (sets II and III) is not able to describe the inelasticity. 
The inelastic contributions from the 7rA channel start to open at higher energies as compared 
to set I and do not lead to (1 — rf) w 1. By increasing the coupling to the 7rA channel 
(in going from set II to set III) the maximum in the inelasticity can be increased, but it 
still opens at ~ 1.37 GeV 0. So even by increasing the coupling to the it A channel, the 
onset of inelasticity is not shifted down in energy. Furthermore the larger coupling (set III) 



3 This problem is also present in the separable ttN/ttA model of Blankleider and Walker [4C|, 
whereas in the separable model of Fuda the mass of the A is adjusted in each partial wave 
separately in order to describe the inelasticies correctly. 
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leads to an overestimation of the phase shift in the energy region of 1.4 - 1.6 GeV. A good 
description of the Pn partial wave amplitude with this coupled-channel ttN/ttA model is 
not possible. 

We have also performed a least-squares fit, letting all three coupling constants and the 
mass m° vary freely. The minimizing procedure always resulted in a negligible coupling to 
the 7rA channel. The resulting parameters only differ slightly from the parameter set I and 
the curve is almost the same as the solid one in Fig. |14]. 

The common feature of the full model discussed at the beginning of this section and the 
simplified version introduced here is the use of the modified propagator ( |18D for the 7rA and 
aN states, as introduced in Sec. 0. This allows us to conclude that a proper treatment of the 
decay widths of the intermediate states in the form presented here is very important for the 
description of the Roper partial wave. The self-energy term in the modified propagator ([18]) 
smears out the threshold of the aN state over a rather broad energy region. Furthermore 
it introduces an additional imaginary part into the amplitude, which originates from the 
(energy dependent) decay width of the a. This results in an onset of inelasticity at the 
correct position. The strong coupling between the irN and the aN channel, as mediated by 
the t channel 7r exchange, generates large contributions from the rescattering of virtual aN 
states and produces the attraction seen in the Pn- 

V. SUMMARY 

We have presented a coupled-channel model for nN scattering in the energy region from 
threshold up to 1.9 GeV. The model is based on an effective Lagrangian and leads to a good 
description of irN partial wave amplitudes. We have used this model for an investigation of 
the Roper resonance. We found, that our full solution of the relativistic Lippmann-Schwinger 
equation generates the Roper resonance dynamically, i.e. without needing a g 3 core. We have 
calculated resonance parameters by using the speed plot method, and these are consistent 
with other analyses. As source of the dynamical pole we have identified the aN channel, 
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which we have used together with the ttA and pN channel as effective description of mrN 
states. Furthermore we have shown that the most important features of the our model are 
the t channel 7r exchange in the nN —>■ aN transition potential and a proper treatment of 
the decay width of unstable particles in the quasi-two-body tittN states. These results call 
for a reinvestigation of the Roper resonance in the quark model, where attention to the role 
of meson-baryon states, or q A q configurations, has to be payed. 
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APPENDIX A: THE PSEUDOPOTENTIAL 

In this appendix we give all expressions for the pseudopotential, which we use in our 
coupled-channel model for ttN scattering. Let us start with defining some shorthand nota- 
tion: The on-mass-shell energies for meson and baryon are 



= \lfi + ml 



E i = y/^+ml (Al) 
with the notation as given in Fig. 0. A common factor 



= _L_ / m i m 3 1 (A2) 

(27r) 3 Y E 1 E 3 v/2cu 2 2^ 4 ' V ; 

is present in all potentials, which originates from the normalization of fields and the relation 

Sfi = 8fi- 2ni5 i (p f - Pi)Tfi (A3) 
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between the standard S'-matrix and the T-matrix [43|. We use time-ordered perturbation 
theory (TOPT) in this work |)3] ; therefore all intermediate particles are on their mass shell 
(i.e. p\ = mf for i = 1..4). As a consequence the energy is, in general, not conserved at 
a vertex, but the total energy in the reaction, and the three momentum at each vertex, 
are conserved, as they must be. In TOPT, a Feynman diagram is represented by two 
time orderings (and a possible contact term, which we shall discuss later). The second 
time ordering can be constructed out of the first by replacing the four-momentum q of the 
intermediate particle with the momentum q, which differs only in its 0-th component from 
q: q° = —uj q for meson exchange and q° = —E q for baryon exchange. The pseudopotential 
is then a sum of both time orders. 

The inclusion of the A isobar as an exchanged particle leads to fundamental difficulties 
in TOPT. We have therefore chosen the same pragmatic way of including the A as taken in 
Refs. Since the A exchange contributions play only a minor role in the investigations 

of this paper, this pragmatic approach is justified. 

In the following expressions for the pseudopotential, the isospin is separated. The po- 
tentials have to be multiplied by the isospin factors IF, as given in Ref. |50[] . Since some 
contributions - and the pN channel - were not included in Ref. [BO], we give the additional 



relevant isospin factors in Table [VI|. The contributions can be evaluated in the cm frame by 
setting pi = k = ~P2,P3 — k' — —p^. 

The contributions to the pseudopotential V^ u (k', k, Ai, A 2 , A 3 , A 4 ) are given by the follow- 
ing expressions: 



1. vriV -> vriV 



Nucleon pole diagram (Fig. ^|a) 

fNNw-f^ ^ \ y 1 f k + m N § + m N 



— uyp 3 , A 3rJ5m —Q- -Q- I - —q p p — 

x 75 is| 2 M(p 1 ,A 1 )JF J v s (/). (A4) 
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Nucleoli exchange (Fig. |2|b) 

fffN*-,- \ \ y 1 ( k + m N $ + m N 



ml 0J lon '2E q \E-E q -u 2 -LO A E-E q -E 1 -E 3 J 

xi5kiu(pi,Xi)IF Nu (I). (A5) 

correlated titt exchange in the a channel (Fig. |2]c) 

lQn(2 P2 y 4 ) J dt' {f ^^{^f imPs, XsHp,, X 1 )IF ot (l), (A6) 

where P(t') = ^ ( ^—^—- + ^-—L-—), Ut , = Vg 2 + V and / is a Frazer-Fulco 
amplitude [pl|,|6l . 



correlated 7nr exchange in the p channel (Fig. |2|c) 



12k 



2m 



N 



dt'Im(T 2 (t'))P(t')u(p 3 , A 3 )u(pi, A 



- J dt'Im(T 2 (t') + r 1 (0)P(i>(P3, X 3 )Qu(pi, Ax)] IF pt (I), (A7) 

where I\(f) = (/!(*) - r 8 (t) = (#(f) - ^f/I(f)), and Q = 

\{P2+Pa)- 

A pole diagram (Fig. ||d) 

f 2 pvfn) 
«^Xft, A iK (£ _ mA )(g + mA) P2-"(Pl. A l) /i? A,(/). (A8) 

A exchange (Fig. |f) 

K^u(p 3 , A 3 WP^(g) ( OEWE1 * r + 1 ^ 



ml ™ \2E q {E-E q -L0 2 - u A ) 2E q (E - E q - E 1 - E 3 ) ) 

xp^uiPuXJIF^I). (A9) 
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N*(Sn) pole diagram (Fig. 



Kg%» N «u(p 3 , A 3 ) 2 ^ -J + ^ "(ft. AO/F^CJ). (AlO) 



N*(Di 3 ) pole diagram (Fig. 



*%*fi(ft, \sh*km» \ ^ {q ] 7%/*, "(/'. • a. )u.\ 'j / ) (aid 

mi zm^, _£/ — m" N , 



The tensor P Ml/ is given by 
P^(p) = (k + M) 
where M is the mass of the exchanged baryon 



-o^ _i_ iyv + — ^— pV — (z/V - 

y + 3 7 7 3M 2 ^ P 3M^ 7 P 7 ' 



2. irN ^ P N 



ii exchange (Fig. |5]a) 



- Kg?** tt(P3, A 3 )7 tMpi, Ai) 



n? 



?m(P2 - q)i 



2uj q (E — uj q — Ei — u; 4 ) 



(A12) 



2uj q (E -u q -E 3 - lo 2 ) 

e*'»(p A ,\ 4 )IF n (I), (A13) 



where e y (j9 4 , A4) is the polarisation vector of a massive spin 1 particle with momentum 
p 4 and helicity A 4 |92| . 



a\ exchange (Fig. ^|b) 



fNNn I + ^ 

2Kg p ^^Lu(p 3 , A 3 )7 5 7 m m(pi, Ai) 



m n ' ' \2uj q {E -uj q - E 3 -u 2 ) 

a q 

X [(P2 + ^rP^O^, A 4 ) - (P2 + ^^(ftl, A 4 )p 4 „] 

+[(pa + q/2) T pl4fa, A 4 ) - (pa + g/2) r e;(p 4 , A 4 )p 4 J 

-<r + 



2iO q (E — 0J q — E\ — CJ4) 



/F ai (J). (A14) 
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exchange (Fig. ||c) 



KgNNu^-uips, A 3 ) ( [7 r - i-^-^ TV q v ] 



m w ^°" ay V 2m* " ^ J 2^(£-^-£ 3 -^ 2 



2mjv ^ 2uj q (E — u q — Ei — c<j 4 ) 



x«(pi, Ai)e^ Ar ^e*^(p 4 , X^PpF^I), (A15) 



with e i23 = -1- 



Nucleoli exchange (Fig. ||d) 

f N Nit — / — » x ^ s f k + m N $ + m N 



\E - E q - uo 2 - oo 4 E-E q -E 1 — E 3 J 
x^r^Cpk, A 4 ) - A 4 )Mpi, Xi)IF Nu (I). (A16) 



NNirp contact graph (Fig. |5]e) 

- K9p l^u(p 3 , XshX(P4, A 4 )w(px, Ax)/F ct (/). (A17) 



N*(Sn) pole diagram (Fig. 



^9n*n p 9n*N7tu{P3, A 3 )7 5 [7 m - i ^'^ a^p 4 J4(p4, A 4 ) 
1 ^ + 



N*(Di 3 ) pole diagram (Fig. ||F) 

i J N * N ^J N * Np u{p^ A 3 )(^ 4 e*(p 4 , A 4 ) - p 4 ^*(P4, A 4 )) 



pi* v (a) 



Since we are using time ordered perturbation theory p5 |, which is a formalism based 
on the Hamiltonian instead of the Lagrangian, we must transform the Lagrangian to the 
Hamiltonian via the Legendre transformation 
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U = V -^£-6, - C, (A20) 
where $ 3 are the fields in £. This transformation introduces additional terms into the 



interaction, which, in our case, are of the form of contact interactions [)5l |. In TOPT 



all particles are on the mass shell, so that the 0-th component of the exchanged particle, 



(<?° = Y<? 2 + m x)) i s quite different from the one in covariant perturbation theory (e.g., 
q° = p\ — p® for a t-channel exchange). Therefore the potential is different in the two 
approaches as soon as a time derivative acts on the filed of the exchanged particle. Since both 
approaches ultimately must lead to the same on-shell potential, the role of the additional 
interactions is to restore the equivalence between TOPT and covariant perturbation theory 
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Since both the 7rNN and the Ttpai Lagrangians contain a time derivative on the tt and 
the ax, there are additional terms for the 7r and the a\ exchange contributions, which have 
to be added to Eqs. ( |A13| ) and ( |A14[ ), respectively . For 7r exchange this term is 



K g p ^EKu(p 3 , A 3 ) 7 5 7Vpi, AOe&tpk, A 4 )/F 7r (J), (A21) 

777. tt 

and for a± exchange it is 

2Kg / nNN 1 u(p 3 , A3)7 5 7om(p!, \i)[p 2 ^o(P^ ^) - P&liPi, M)p^]IF ai {I). (A22) 



3. pN -» pN 



p exchange (Fig. |5| g) 



2 \ 2 771 jv 2iUq(E — LU q — E 3 — LU 2 ) 

x [e r (P2, A 2 )e;(p 4 , A 4 )(-p 4 - p 2 ) M + (q + Pi) T t T {p 2 , A 2 )e* (p 4 , A 4 ) + 
(P2 - <?) T <(p 4 , A 4 )e M (p 2 , A 2 )] 

+ [e T (/5 2 ,A 2 )e;(p 4 ,A 4 )(-p 4 -p 2 ) M + (g + p 4 ) T e r (p 2 , A 2 )e* (p 4 , A 4 ) + 
(P2 - ?) T e*(P4, A 4 )e M (p 2 , A 2 )] 

x u(p 3) A 3 )[ 7 " - i^a^q u ]u(Pi, Ai)^ ^ t) IF,{I). (A23) 

2mAT 2u q (E — u q — Ei — c<j 4 ) / 
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Nucleon exchange (Fig. [5| h) 



Kg 2 NNp u(p3, As) [7" + i ^^ a ' MUp2 ^ e ^ A2 ) 

1 ( X + m N $ + m N 



2i? g \ £/ — E q — UO2 — UJ4 E — E q — E\ — E3 I 

x h T - 17T^° tu Pa v YAi A4)u(pi, \i)IF Nu {I). (A24) 



NNpp contact graph (Fig. [5] 



WNNp^uips, A 3 K%(p 2 , X 2 )e*M, X 4 )u(Pu Ai)/F ct (J). (A25) 



N*(S\i) pole diagram (Fig. 

^*^(ps, A 3 ) 7 V - ^T^^P4je;(P4, A 4 



1 ^ + 



2m^ 2m%* E - m%, 

X7 5 [r + i^P^y^^ X 2 )u(pi, X 1 )IF N , S (I). (A26) 



N*(Di 3 ) pole diagram 



ft- 



2 u(P3, A 3 )(^4e*(p4, A4) —PijCiP^ A4))-— q , 

m p zm N *{ry — m N * ) 

x(^(p 2 ,A 2 ) -P2^(P2, A 2 ))u(pi, AO/Fjv.^/). (A27) 



The pNN coupling from Table [TT] contains a time derivative of the p field, which causes 
an additional term in the Hamiltonian. On-shell, this term cancels the q^q v term of the 
spin-1 propagator, which is also approximately true off-shell. Therefore we can mimic the 
additional contact term in TOPT by using the reduced spin-1 propagator, 

-g^ -g^ /. s 

— ^— + ^— . A28 

E — UJq — E 3 — UJ 2 E — UJq — Ei — UJ4 

We have checked numerically that the exact procedure leads only to tiny differences in 
the off-shell potential. We have applied this reduced spin-1 propagator to the p exchange 
contribution (|A23|) above. 
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4. irN -> 7rA 



Due to relative signs in our Lagrangian (Table |J), the nucleon, A and p exchange 
contributions from Ref. |Kj must be multiplied by a minus sign. In addition, we have 
included the N*(D 13 ) pole diagram (Fig. f|d): 



5. vrA -> vrA 

The nucleon and A exchange can be taken from Ref. ]5(J. Here we do not use a Gordon 
decomposition for the p exchange (Fig. 0Jg), which therefore has the form 



iKg AAp g p7T nU T (p 3 , A 2 



«r(Pl,Al X 



2Wg 



and we have used the reduced spin-1 propagator from Eq. ( |A28| ). We have also included 
the N*(D n ) pole diagram (Fig. |h) 

«-^MPs, h)h 2 J q) F n k2Uv(n, \l)IF N * s {I). (A31) 



6. vriV -> criV and criV criV 



We take over the contributions from Ref. | 50fl , but additionally use a n exchange contri- 
bution for the ttN — ► aA r transition (Fig. ^j) 



• /aw 

W(P3, A 



5i 



3; 



"Itt "t,7t 2u q \E - E q - u 2 - E 3 

p^uipuX^IF^I), (A32) 



7 5 



E — -Eg — CJ4 — El / 

which again must be supplemented by the additional term 

fwNN 9<JTTTT _ / -, \ \ 5 



iK^^ufa, A 3 ) 7 5 7 U A(Pi, A x ) IF„(I) (A33) 



resulting from the Legendre transformation ( |A20| ). 
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7. The r]N reaction channel 



The coupling to the i]N channel (Fig. [3]) can be taken from Ref. [50|. The additional 
coupling of the A^, (1520) can be constructed from the Di 3 pole diagram of the direct tcN 
interaction by replacing one (ttN — > r]N) or two (direct r] N) N*Nir coupling constants by 
the N*Nrj coupling, respectively. 
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TABLES 





r 


pole 


residue (r,(j>) 


Ref. 


(MeV) 


(MeV) 


(MeV) 


r in MeV,0 in 





a) 
b) 
c) 
d) 

± 


g) 
h) 

i) 



1467 

1456 

1462(10) 

1471 

1479 



440 
428 

391(34) 
545 



1346 - i88 
1361 - i86 

1370 - ilU 
1383 - »158 



(42,-101) 
(36,-78) 

(74,-84) 



1375(30) 
1360 
1385(9) 
1371 



180(40) 
252 

164(35) 
167 



(52(5),-100(35)) 
(109,-93) 

(40,-) 
(41-) 



CMB 



|3J VPI 



|3J KA 
this work 



TABLE I. Some analyses of the irN partial wave P\\ as listed in the Review of Particle Physics 
H . The resonance parameters are denoted by ijir for the mass and L for the width of the resonance. 
The residue is parameterized by re 1 ^ . The numbers in brackets give the error in the last digit. For 



analyses f),g), and h) the abbreviations CMB [|7j, VPI [37| and KA |l| indicate for which partial 
wave solution the speed plot is calculated. 
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TABLE II. The effective Lagrangian 
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coupling const. 
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TABLE III. The parameters of our model. Only the boldface printed values are varied in fitting 
the data. The coupling constants are taken from the cited references. All masses and cutoffs are 
given in MeV. 
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TABLE IV. Masses of the mesons and baryons (in MeV). a The a mass in the s-channel 
-kit interaction corresponds to the energy at which the phase shift reaches 90°. The a in the aN 



t-channel exchange is a parameterization of correlated rnr exchange [ 75 ] . This is the reason for the 
different a masses. 



set 
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0.20 
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TABLE V. Parameters of the separable coupled-channel model 
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TABLE VI. Additional isospin factors 
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FIG. 1. Phase shift and inelasticity in the partial waves P\\ and D13. Data are taken from Ref. 
|] (SM95) and (KA84). In addition, the single-energy analysis from g (SE-SM95) is shown. 

The vertical lines are drawn at E = 1440 MeV (P11) and E = 1520 MeV (-D13) and correspond to 
the suggested values of the resonance masses as given in Ref. M. 
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FIG. 2. Contribution to the elastic ttN interaction. 
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FIG. 3. Additional contribution in coupling to the r]N channel. 
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FIG. 6. Double counting in the correlated tttt exchange arises from iteration of the tt exchange 
diagram (a), because that generates the box diagram (b), which is already included in the correlated 
tttt exchange (Fig. |2| (c)). In order to avoid double counting we remove the diagram (c) from the 
NN — > tttt amplitudes. 
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FIG. 7. Phase shift in the partial wave I, J = 11 of the tttt interaction. The solid line is the 
result of the self-energy calculation for the p meson. Data is taken from Refs. p2H74]. 
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FIG. 8. The ttN partial wave amplitudes for the isospin I = \- In addition, the analyses KA84 
and SM95 0, as well as the single-energy analysis SE-SM95 are shown. 
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FIG. 9. The partial wave amplitudes for I = |. The notation is the same as in Fig. 
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FIG. 10. The transition cross section ttN — » pN. The solid line shows the reaction ir~p — ► p°n, 
the dashed line the reaction ir~p — > p~p and the dot-dashed line the reaction ir + p — > p + p. The 
experimental data are taken from Ref. [p^| . 
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FIG. 11. Phase shift and inelasticity in the partial wave P\\. The curves are calculated using 
the full model (solid line), the channels ttN/gN/tt/S. (dotted line), ttN/ttA (long dashed line), 
ttN/ aN (short dashed line) , and the elastic model (dot-dashed line) . The common parameters are 
the same in all five cases. 
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FIG. 12. speed plot in the partial wave Pu. The symbols are showing speed plots from Ref. 



(open circles) and Ref. §§] (full circles (KA84 [ggjl|) and diamonds (SM90 |37|)). 
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FIG. 13. The partial wave P\\ calculated with (dashed line) and without (solid line) ir exchange 
in the ttN — > aN transition potential, using the same parameters. 
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FIG. 14. Results of the simplified model. The solid line was calculated using parameter set I 
of Table fv], the dashed and dot-dashed curves are obtained using sets II and III, respectively. For 
the solid line only irN and aN are coupled, whereas for the dashed and dot-dashed lines the only 
channels are irN and irA. 
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